We explore the feasibility of reducing the lifetime of longitudinal optical phonons in InP by injecting coherent longitudinal acoustic modes of frequency given by the difference between those of the longitudinal and transverse optical phonons. Calculations show that a ten-fold reduction in the lifetime can be attained using a 40 mW acoustic source. The increase in the phonon decay should reduce the scattering rate of hot electrons in fast devices. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1471567͔
In high-speed electronic and optoelectronic devices based on polar III-V semiconductors, the performance is ultimately limited by the scattering of carriers by phonons. 1, 2 Due to the dominance of the Fröhlich interaction, and its long-range nature which favors long wavelength, the carriers interact primarily with LO phonons of wave vector qϳ0. The scattering rates increase with increasing LO density and, in the absence of a mechanism to remove these modes, the electron mobility is drastically reduced leading to a deterioration of the device performance, particularly for the speed and power consumption. Since the phonons produced by the scattering of the electrons are LO phonons close to the zone center and, thus, with near-zero group velocity, removal by diffusion is very slow. Hence the only process preventing the LO phonon from buildup is their decay into various combinations of lower frequency modes 3 which interact weakly with carriers. Unfortunately, in many semiconductors LO phonons live quite a long life, mostly due to the low joint ͑two-phonon͒ density of final TO, TA, or LA states into which LO phonons decay. This applies in particular to the case of InP where the LO phonon lifetime is ϳ200 ps 4 and the dominant decay channel is LO→TOϩLTA. 3, 4 In this letter we explore the possibility of enhancing the LO phonon decay rate in InP by injecting coherent acoustic phonons of the proper frequency to induce stimulated emission. In some sense, what we propose to do is to create a parametric amplifier of acoustic phonons where, by analogy with the optical counterpart, the zone-center optical modes would act as the ''pump,'' the externally injected LA phonons as the ''signal'' and the TO mode as the ''idler.'' Within this context, we note that the population of the signal LA phonons is expected to be amplified as a byproduct of the stimulated process.
The possibility that stimulated emission may shorten the lifetime of the LO phonons in polar semiconductors was first considered in Ref. 5 . This work shows that for GaAs, under nonequilibrium conditions, the LO→LAϩLA process becomes dominant in the presence of a large density of LA modes. To attain occupation numbers for the ''daughter'' LA phonons close to unity, the phonon generation rate needs to be as large as 10 24 cm Ϫ3 s Ϫ1 , which is quite high. In Ref. Here, we propose a scheme in which stimulated emission is the result of externally injected coherent LA phonons of relatively low (ϳ1 THz) frequency. We predict that a substantial ͑more than tenfold͒ reduction in the effective LO lifetime can be achieved at relatively low LA densities. Our approach is illustrated in Fig. 1 where the LA phonons are generated in the region on the left. It has been shown that coherent LA modes can be generated optically, via transient stimulated Brillouin scattering or using stimulated Raman scattering by folded acoustic modes in superlattices. [7] [8] [9] [10] We also note that the possibility that phonon scattering by intersubband transitions in quantum wells may lead to coherent emission as discussed in Ref. 11 .
In our mechanism, the injected LA phonons enter the active region of the device where hot carriers are present, typically a channel of a field-effect transistor where LO phonons are generated. As mentioned earlier, the main decay channel in InP is LO→TOϩLTA. 3 Thus, if the energy and momentum of the LA phonons is properly chosen, stimulated LO decay will follow. The LA modes continue to propagate towards the sink on the right-hand side, while the TO phonons decay into various combinations of LA and TA phonons. Since the ͑deformation potential͒ interaction of these modes with carriers is relatively weak, the electron transport behavior will not be affected much by the associated increase in the density of TO phonons.
Using the optical analogy and the fact that phonons are bosons, the proposed scheme can be described as an ''acoustic parametric amplifier.'' Since the group velocities of LO and TO phonons are close to zero, they can be loosely considered to be the upper and lower states of a LA phonon amplifier, and the whole scheme then bears a close relationship to laser cooling.
We also note that, if proper feedback is provided, our scheme leads to a phonon laser. Our proposal involving only phonon states is significantly different from other schemes 12, 13 which rely on sharp resonant transition between two electronic states.
Let us now estimate the LA phonon density and, correspondingly, the strain necessary for an appreciable reduction in the LO phonon lifetime. The relevant parameters for InP are shown in Table I . Consider the general expression for the decay rate of LO phonons of frequency 0 ͑LO͒, whose occupation number is n 0 into a pair of lower-energy phonons with frequencies 1 ͑LA͒ and 2 ͑TO͒:
where U a is the strain energy density, N is number of unit cells, and m is the average mass of the atoms. Introducing the density of phonons, N i ϭn i /V, the matrix element for the interaction
, and the two-phonon density of states g(h 0 )ϭV
, we can rewrite Eq. ͑1͒ as
here, R sp is not a function of N 1, so it stands for the spontaneous decay. And we use L(
ϩ⌫ E 2 ͔ to account for the fact that the incoming LA phonons are not monochromatic ͑they exhibit a distribution of frequencies around the central frequency 1 that satisfies the energy and momentum conservation conditions͒. Furthermore, the transition itself is broadened due to the finite lifetimes of the LO and TO phonons. Since the lifetime of the TO phonons in InP is by far the shortest, TO ϳ10 ps, 15 it is a good approximation to assume that ⌫ E ϳប / TO . Performing the summation in Eq. ͑2͒, we obtain for the rate of stimulated emission
where we have introduced a threshold density of injected phonons, N th ϭg(ប 0 )⌫ E . 
Here we have introduced the spontaneous LO lifetime, 0 Ϫ1 ϭM 2 Vg(ប 0 ), and their generation rate, G LO . The boundary conditions are N 1 (xϭ0) 1 ϭJ, where J is the flux density of the injected LA phonons, and for the TO modes N 2 (xϭL) 2 ϭ0. The TO phonon velocity 2 in the region of interest (k TO ϳ1.75ϫ10 7 cm Ϫ1 ) is ϳ1000 cm/s, i.e., the diffusion length, ϳ1 Å, is very short so that the motion of the TO phonons can be disregarded. Let us now consider the steady-state solution of Eqs. ͑4͒-͑6͒ under the assumption N 1 ӷN 2 , i.e., for an injected acoustic density that is much higher than that of TO phonons ͑we will check the validity of this assumption later͒. With zero group velocity for the LO and TO modes, the steady-state (‫ץ‬N/‫ץ‬tϭ0) solutions are
where ␣ st is the enhancement factor of the LO phonon decay due to stimulated processes; its dependence on the density of externally injected LA phonons N 1 is shown in Fig. 2 . One sees that, for 0 ӷ 2 at a high LA phonon density, the effective LO-phonon lifetime approaches asymptotically the much smaller TO-phonon lifetime. The densities of LO and TO phonons are also shown in Fig. 2 . They approach each other asymptotically at high LA phonon densities. Now, we check the validity of the assumption made earlier that the TO phonons density is always much smaller than the LA phonon density. Since we are interested in the situation when N 1 Ͼ10N th , we have N 2 ϳG LO 2 Ͻ10N th . For InP, we obtain P LO Ӷ10ប 0 N th / 2 Ϸ0.7ϫ10
11 W cm Ϫ3 . For a typical electronic device with an active volume of, say, 0.2 mϫ1 mϫ100 m, this results in 1 W power dissipation which is at least two orders of magnitude larger than that for a field-effect device. Therefore, we can disregard the TO phonon density for any practical values of the LO phonon generation rate.
To include the spatial dependence of the LA phonon density, we solve Eq. ͑5͒ under the assumptions N 1 Ͼ10N th and ‫ץ‬N 1 /‫ץ‬tϭ0 obtaining
The linearization is valid for an active region of thickness Lϳ1 m. This thickness is much smaller than the mean free path at 77 K, which is found to be ϳ27 m using LA ϭ6ϫ10 Ϫ9 s at 1.26 THz. 16 If we consider a device with 10 mW power consumption and active area 100 m 2 , the upper limit for the last term in Eq. ͑9͒ is 0.2ϫ10 19 cm Ϫ3 which is 50 times smaller than N 1 . Therefore, the influence of the generated LA phonons is insignificant even at very high LO generation rates. Nevertheless, it is interesting to mention that when the condition G LO ϾN 1 (0)/ 1 is satisfied, there is a net amplification of the injected LA phonons as opposed to the net absorption at lower pump rates. This condition corresponds to G LO ϳ10 28 cm Ϫ3 s Ϫ1 , or P LO ϳ10 8 W cm Ϫ3 corresponding to 10 mW of total power. Thus, one can obtain amplification of LA phonons, but the impact of the additional LA phonons produced by stimulated emission on the LO phonon lifetime is negligibly small. This result is fundamentally different from results reported for GaAs in Ref. 5 where, in the absence of the external LA source, only a two-fold reduction in the LO lifetime was predicted at extremely high rates of LO generation. In contrast, we find here a ten-fold reduction in the lifetime that is independent of the LO generation rate.
Finally, we estimate the flux of the externally injected LA phonons needed to achieve the desired ten-fold reduction in the LO lifetime. From Fig. 2 , we obtain JϭN 1 1 ϳ5 ϫ10 25 cm, which, for a 100 m 2 device, corresponds to a total flux of 5ϫ10 19 phonons per second, or 40 mW. We note that a substantial improvement can be achieved by using a cavity for acoustic phonons. One can also consider using a superlattice to reduce the velocity of LA phonons by zone folding. 10 This would lead to an increase in the effective interaction time thereby reducing the required power. It is also of interest to consider the strain associated with the required LA density. A simple analysis shows that N LA ប LA ϭ LA 2 x 2 /2, where is the density and x is the atomic displacement. From this, we obtain xϳ0.0078 Å representing a strain of 0.13%. Strains of this magnitude can be obtained using ultrafast optical excitation. 8 It is unlikely that our scheme can be applied to materials for which the dominant process of LO phonon decay does not involve TO phonons. When both final states of the LO decay are acoustic modes ͑of frequency near half that of the LO mode, i.e., in the 2-5 THz range͒ the threshold density of injected LA phonons is at least a factor of 20 larger than in InP. Furthermore, the mean free path of LA phonons at 5 THz is rather small, Ͻ100 nm, making their delivery into the active region a very difficult task. Finally, if the decay mechanism involves TA phonons, we note that their lifetime is actually larger than that of LO phonons rendering the stimulated transition ''self-terminating,'' i.e., attainable only in a pulse mode.
In conclusion, we have considered the feasibility of using stimulated emission induced by externally injected coherent LA phonons to reduce the lifetime of LO modes. For InP, we have shown that a ten-fold reduction is attainable using a 40 mW source of external phonons. Our results hold promise for using phonon engineering to improve the properties of electronic devices.
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